Background/Aims: Increased production of multiple pro-inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, plays an essential pathogenic role in the progression of systemic lupus erythematosus (SLE). Recent studies have characterized itaconate as a novel and potent nuclear-factor-E2-related factor 2 (Nrf2) activator that activates Nrf2 signaling by alkylating cysteine residues on Keap1 (Kelch-like ECH-associated protein 1). Methods: THP-1 human macrophages and peripheral blood mononuclear cells (PBMCs) of SLE patients were treated with 4-octyl itaconate (OI). Nrf2 signaling activation was tested by qPCR assay and western blotting. mRNA expression and the production of multiple pro-inflammatory cytokines were tested by qPCR and enzyme-linked immunosorbent assays, respectively. Nuclear factor (NF)-κB activation was tested by the p65 DNA-binding assay. Results: We demonstrated that OI, the cell-permeable derivative of itaconate, induced Keap1-Nrf2 dissociation, Nrf2 protein accumulation, and nuclear translocation, which enabled the transcription and expression of multiple Nrf2-dependentantioxidant enzymes (heme oxygenase-1, NAD(P)H:quinone oxidoreductase 1, and glutamate-cysteine ligase modifier subunit) in THP-1 human macrophages. OI also induced significant Nrf2 activation in SLE patient-derived PBMCs. OI pretreatment inhibited mRNA expression and the production of multiple pro-inflammatory cytokines (TNF-α, IL-1β, and IL-6) in SLE patient-derived PBMCs and lipopolysaccharide (LPS)-activated THP-1 cells. OI potently inhibited NF-κB activation in SLE patient-derived PBMCs and LPS-activated THP-1 cells. Importantly, Nrf2 silencing (by targeted
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Introduction
Systemic lupus erythematosus (SLE) is a multifactorial autoimmune disease [1] [2] [3] . It is characterized by inflammation in different organ systems and immunological abnormalities, including the presence of auto-reactive T cells and hyperactive B cells [1] [2] [3] . In the past few decades, significant achievements have been made in gaining an understanding of the pathobiological mechanisms of SLE, by identifying genetic variants via mouse models, gene expression studies, and epigenetic analyses [1] [2] [3] . However, the prognosis for severe SLE is not satisfactory, possibly due to the lack of effective and targeted treatments [1] [2] [3] .
Dysregulation of pro-and anti-inflammatory cytokines is essential for the regulation of systemic inflammation, local tissue damage, and immunoreactivity in the progression of SLE [4, 5] . Abnormal production of multiple pro-inflammatory cytokines has been detected in SLE patients [4, 5] . Elevations of cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6, play important pathogenic roles in SLE. Conversely, inhibition of these cytokines could significantly slow the progression of SLE [5] [6] [7] [8] [9] .
The transcription factor nuclear-factor-E2-related factor 2(Nrf2, also known asNFE2L2) mediates the transcription and expression of many antioxidant and anti-inflammatory genes [10] [11] [12] . Nrf2 deficiency leads to the development of lupus-like autoimmune nephritis in aged female mice, indicating that Nrf2 is vital to the development and progression of SLE [13] . Nonactivated Nrf2 remains in the cytoplasm by binding to its suppressor protein Kelch-like ECHassociated protein 1 (Keap1) [10] [11] [12] . Keap1-Nrf2 association dictates Nrf2 ubiquitination and proteasomal degradation in the Cul3-ubiquitin ligase complex [10] [11] [12] . Once activated, Nrf2 will separate from Keap1, enabling Nrf2 protein stabilization, accumulation, and translocation to cell nuclei [10] [11] [12] . Nrf2 will then bind to antioxidant responsive element (ARE) [10] [11] [12] , initiating the transcription of multiple antioxidant, anti-inflammatory, and detoxifying enzymes, including heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), γ-glutamyl cysteine ligase catalytic subunit, and a modifier subunit (GCLM) [10] , leading to a significant antioxidant response [14, 15] . Furthermore, activation of Nrf2 signaling could also exert a potent anti-inflammatory effect by inhibiting nuclear factor (NF)-κB activation [14] .
A recent study by Mills et al. demonstrated that itaconate is a novel activator of Nrf2 [16] . Itaconate directly alkylates cysteine residues 151, 257, 288, 273, and 297 on Keap1, causing Nrf2 protein stabilization, accumulation, and activation [16] . Additionally, a new cell-permeable itaconate derivative, 4-octyl itaconate (OI), increases the expression of Nrf2 downstream genes with antioxidant and anti-inflammatory capacities [16] . The current study tested the potential effect of OI on SLE patient-derived peripheral blood mononuclear cells (PBMCs). We will show that OI activates Nrf2 signaling to efficiently inhibit the production of pro-inflammatory cytokines in PBMCs.
Materials and Methods
Chemicals, reagents and antibodies OI was synthesized by Min-de Biotech (Suzhou, China) based on a previously described protocol [16] . Lipopolysaccharide (LPS) and puromycin were purchased from Sigma-Aldrich Co. (St. Louis, MO). Antibodies were obtained from Cell Signaling Technology (Danvers, MA) and Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Fetal bovine serum (FBS), Dulbecco's modified Eagle's medium (DMEM)/Rosswell Park Memorial Institute (RPMI) medium, antibiotics, and all other cell culture reagents were obtained from Hyclone Co. (Logan, UT). Cell lysis buffer was provided by Beyotime Biotechnology (Wuxi, China). TRIzol reagents were purchased from GibcoBRL (Gaithersburg, MD). mRNA primers and all other sequences were synthesized by GenePharma Co. (Shanghai, China).
THP-1 cell culture
Established THP-1 human macrophages [17, 18] were provided by the Cell Bank of Shanghai Institute of Biological Science (Shanghai, China). THP-1 macrophages were cultured in RPMI-1640 medium with 10% FBS.
Ex-vivo culture of PBMCs As previously described [19] , PBMCs from nine SLE patients were collected via the lymphocyte separation medium (Sigma-Aldrich). Whole blood (30 mL) was layered on 20 mL Lymphoprep and spun for 20 min at 2, 000 rpm. PBMCs were isolated from the middle layer. The primary PBMCs were cultured in FBS-containing DMEM medium and essential supplements [20] . The protocols using human cells were approved by the ethics committees of the Guangzhou First People's Hospital. Written-informed consent was acquired from each participant.
Quantitative real-time reverse transcription PCR assay
Total cellular RNA was extracted by the TRIzol reagents. Reverse transcription was performed using the ReverTra Ace qPCR RT kit (Toyobo, Tokyo, Japan). The ABI Prism 7700 Real-Time PCR system (Applied Biosystems, Foster City, CA) was applied for the quantitative real-time reverse transcription PCR (qPCR) assay to analyze 500 ng cDNA from each sample. The mRNA primers for IL-1β, IL-6, TNF-α, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were based on a previous study [21] . mRNA primers for HO1, NQO1, and GCLM were provided by Dr. Huang [22] . Melting curve analysis was applied to calculate the product melting temperature [23] . We utilized the 2 −∆∆Ct method for mRNA quantification, using GAPDH as the reference gene.
NQO1 activity assay
The detailed protocol has been described previously [16] . In brief, the inducer potency was quantified by use of the NQO1 bioassay. Cells (10 4 per well of a 96-well plate) were grown for 24 h. After the treatment, NQO1 enzyme activity was quantified in cell lysates using menadione as the substrate.
Cell death assay
After the treatments, cell death was tested by trypan blue staining; cells positive for trypan blue staining were considered dead [24] and the ratio of live/dead cells was recorded. Lactate dehydrogenase (LDH) release into the culture medium was tested for the quantitative measurement of cell death. A twostep LDH assay kit (Takara, Tokyo, Japan) [25] was utilized to examine the LDH content in the medium [25, 26] , which was normalized to the total LDH.
Western blotting
Following the treatments, 30 μg of protein lysates were separated in a denaturing 10% polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF; 0.22 μm) membrane (Millipore, Shanghai, China). After several washes in Tris-buffered saline with Tween 20, PVDF blots were incubated with primary and secondary antibodies, which were then detected by enhanced chemiluminescence (ECL) reagents (Amersham). ImageJ software (National Institutes of Health, Bethesda, MD) was utilized for the quantification of the total gray of each protein band, and the values were normalized to the loading control.
Enzyme-linked immunosorbent assay assay of cytokines THP-1 cells or the primary human PBMCs were seeded to the 24-well tissue culture plates at a density of 0.5 × 10 5 cells/well. Following treatment, supernatants were collected and cytokine concentrations were determined using IL-1β, IL-6, and TNF-α kits from BD OptEIA (BD Biosciences, San Jose, CA). 
NF-κB (p65) DNA-binding activity
The nuclear protein lysates were extracted by the commercially available nuclei-extraction reagents from Sigma-Aldrich. The TransAM™ enzyme-linked immunosorbent assay (ELISA) kit (Active Motif, Carlsbad, CA) was then applied to examine NF-κB (p65) DNA-binding activity, according to the manufacturer's protocol. For each treatment, 2.5 μg of nuclear extracts were placed in a 96-well plate for binding to the immobilized p65 consensus sequence, and primary and secondary antibodies were added. After the colorimetric reaction, the OD value was measured in an ELISA reader at 450 nm.
Co-Immunoprecipitation assay
For each treatment, 800 μg of total cell lysates were pre-cleared by the protein A/G Sepharose (SigmaAldrich). Thereafter, the lysates were incubated with anti-Keap1 antibody (Santa Cruz Biotechnology) overnight. Protein A/G Sepharose (30 µL for each treatment) was then added. Keap1 co-immunoprecipitation with Nrf2 was tested via Western blotting.
Lipid peroxidation assay Using a previously described method [27] , cellular lipid peroxidation was tested via TBAR (thiobarbituric acid reactive substances) activity [28] . Briefly, 30 μg of total cell lysates per treatment were mixed with a solution of 20% of acetic acid and thiobarbituric acid. After heating, the mixture was centrifuged, and the red pigment dye in the supernatant was examined by a microplate reader [28] .
Nrf2 short hairpin RNA Lentiviral human Nrf2 short hairpin RNA (shRNA) was purchased from Santa Cruz Biotechnology (sc-37030-V) [29] . Nrf2 shRNA lentivirus (20 μL virus/mL medium) was added directly to THP-1 cells for 36 h. Thereafter, puromycin (5.0 μg/mL) was added to select stable cells for 12 days. Nrf2 knockdown in the stable cells was verified by Western blotting. A knockdown efficiency over 90% was acceptable. For the primary PBMCs, Nrf2 shRNA lentivirus (20 μL virus/mL medium) was added for 36 h with no puromycin selection.
Nrf2 knockout
Lenti-CRISPR-green fluorescent protein (GFP)-Nrf2 knockout (KO) construct was provided by Dr. Li [30] . The construct was transfected to THP-1 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). GFP-positive cells were sorted by fluorescence-activated cell sorting, and single cells were further cultured in 96-well plate to generate monoclonal stable cells. Nrf2 KO was confirmed by Western blotting and qPCR.
Statistics analysis
Data were expressed as the mean ± standard deviation. Statistical analysis was performed by SPSS software (version 21.0, SPSS Inc., Chicago, IL) and p< 0.05 was regarded as statistically significant. For comparisons among multiple groups, two-way ANOVA with the Bonferroni post hoc test was performed. The two-tailed unpaired T test (Excel 2013) was applied to test the significance of the difference between two treatment groups.
Results
OI activated Nrf2 signaling in THP-1 cells and SLE patient-derived PBMCs
We first tested the potential effect of OI, the cell-permeable derivative of itaconate [16] , on Nrf2 signaling in THP-1 human macrophages [31, 32] . By performing the coimmunoprecipitation assay, we showed that treatment with OI (25 μM, 2 h) disrupted the association between Keap1-Nrf2 in THP-1 cells (Fig. 1A) , which was followed by Nrf2 protein stabilization and accumulation in the cytoplasm (Fig. 1B) . By analyzing the nuclear proteins, we showed that OI-stabilized Nrf2 translocated to cell nuclei (Fig. 1C) , which is a key step for Nrf2 activation [10, 33] . Indeed, we showed that mRNA (Fig. 1D) and protein ( Fig. 1E ) expression of Nrf2-dependent genes, including HO1 (or Hmox1), NQO1, and GCLM, were significantly increased in OI-treated THP-1 cells. Furthermore, the activity of NQO1 Keap1-Nrf2 association was tested by the co-immunoprecipitation assay (A). mRNA and protein expression levels of the listed genes were tested by qPCR assay (D and G) and Western blotting (analyzing both the cytoplasm and nuclei lysates, B, C, and E), respectively. Relative NQO1 activity was also tested (F and H). Expression of the listed proteins was quantified and normalized to the loading control (B, C, and E). Data are presented as the mean ± standard deviation. In D and F, each assay was replicated five times (five replicate well/dishes). * p< 0.05 vs. Ctrl cells. The experiments in this figure were repeated three times, and similar results were obtained. (Fig. 1F) . However, the Nrf2 mRNA level was unchanged by OI treatment (Fig. 1D) . These results suggest that OI disrupts the KEAP1-Nrf2 association to activate the Nrf2 signaling cascade in THP-1 human macrophages. Importantly, in the SLE patient-derived PBMCs, OI treatment (25 μM) similarly boosted mRNA expression of HO1, NQO1 and GCLM, but not Nrf2 genes ( Fig. 1G ; integrated results of nine patients). A significant increase in NQO1 activity was also detected in OI-treated PBMCs (Fig. 1H) . These results together show that OI activates Nrf2 signaling in THP-1 cells and SLE patient-derived PBMCs.
OI inhibited pro-inflammatory cytokine production in LPS-treated THP-1 cells and SLE patient-derived PBMCs
One primary aim of this study was to test the potential effect of itaconate on the production of pro-inflammatory cytokines. THP-1 human macrophages were treated with LPS (500 ng/mL), which induced the transcription of TNF-α ( Fig. 2A), IL-1β (Fig. 2B) ,and IL-6 mRNA (Fig. 2C) . Pre-treatment (for 60 min) with OI (25 μM) largely inhibited LPS-induced TNF-α, IL-1β, and IL-6 mRNA expression ( Fig. 2A-C) . In addition, LPS-induced production of TNF-α, IL-1β, and IL-6 proteins was also largely inhibited by OI pre-treatment (Fig. 2D-F) . These results clearly show that OI significantly attenuated the production of LPS-induced pro-inflammatory cytokines in THP-1 human macrophages. Notably, LPS and/or OI treatment did not affect THP-1 cell survival; the trypan blue ratio (Fig. 2G ) and LDH release level (Fig.  2H) were unchanged after LPS and/or OI treatment. As expected, high basal levels of TNF-α, IL-1β, and IL-6 were detected in the medium of ex vivo cultured SLE patient-derived PBMCs (Fig. 2I-K) . Treatment with OI (25 μM) significantly inhibited the production of TNF-α, IL-1β, and IL-6 in the patient-derived PBMCs (Fig. 2I-K) . The applied OI treatment did not induce significant cell death in PBMCs (Fig. 2L) . Thus, OI potently inhibited the production of proinflammatory cytokines in LPS-treated THP-1 cells and SLE patient-derived PBMCs. NFκB activity (folds vs. "C") Fig. 4 . Nrf2 activation was required for OI-induced anti-inflammatory actions in THP-1 human macrophages and SLE patient-derived PBMCs. Stable THP-1 cells with the lentiviral Nrf2 shRNA or the lentiCRISPR-GFP-Nrf2 KO construct ("Nrf2-KO"), as well as the parental control cells (Pare), were treated with OI (25 μM) for the indicated times. mRNA and protein expression levels of the listed genes were tested by qPCR assay and Western blotting (A-C); Relative NQO1 activity was also tested (D). Cells were also treated with LPS (500 ng/mL) for the indicated times. NF-κB activation and TNF-α production were tested by the p65 DNA-binding assay (E) and ELISA assay (F), respectively. SLE patient-derived PBMCs, with Nrf2 shRNA or scramble control shRNA (C-shRNA), were treated with OI (25 μM) for the indicated times. The expression of the listed proteins was tested by Western blotting (G). NFκB activation (H) and TNF-α production (I) were also examined. The expression of the listed proteins was quantified and normalized to the loading control (B and G). Data are presented as the mean ± standard deviation. In A-F each assay was repeated five times (five replicate well/dishes). 
OI inhibited lipid peroxidation and NF-κB activation in LPS-treated THP-1 cells and SLE patient-derived PBMCs
LPS stimulation is known to induce the production of reactive oxygen species (ROS), which is essential for downstream NF-κB activation and the production of pro-inflammatory cytokines [34, 35] . The TBARS level was examined to reflect cellular lipid peroxidation, a key cellular event following oxidative stress. Our results show that OI suppressed lipid peroxidation in LPS-treated THP-1 cells, verifying its anti-oxidant activity (Fig. 3A) . Moreover, LPS-induced NFκB activation, tested by a p65 DNA-binding activity assay, was dramatically inhibited by OI pretreatment (Fig. 3B) . In the SLE patient-derived PBMCs, OI treatment (25 μM) similarly inhibited lipid peroxidation (Fig. 3C ) and NFκB activation (Fig. 3D ).
Nrf2 activation is required for OI-induced anti-inflammatory actions in THP-1 human macrophages and SLE patient-derived PBMCs
To confirm that Nrf2 activation is required for OI-induced anti-inflammatory actions, the shRNA strategy was utilized to knockdown Nrf2 in THP-1 human macrophages. Lentiviral human Nrf2 shRNA was transfected to THP-1 cells, and the stable cells were selected with puromycin. Furthermore, a lentiCRISPR-GFP-Nrf2 KO construct (from Dr. Li [30] ) was applied to completely knockout Nrf2 in THP-1 cells. As shown, the expression level of Nrf2 mRNA was significantly reduced in stable THP-1 cells with Nrf2 shRNA or the Nrf2-KO construct (Fig. 4A) . OI-induced Nrf2 protein stabilization (Fig. 4A ), HO1/NQO1mRNA (Fig. 4C) , and protein ( Fig. 4B ) expression, as well as NQO1 activation (Fig. 4D) , were almost blocked by Nrf2 silencing or KO (Fig. 4B-D) . Importantly, OI pre-treatment did not inhibit LPS-induced NFκB activation (Fig. 4E) and TNF-α production (Fig. 4F ) in Nrf2-silenced or -KO THP-1 cells.
In SLE patient-derived PBMCs, the addition of the lentiviral human Nrf2 shRNA also reversed the accumulation of OI-induced Nrf2 protein (Fig. 4G ) and HO1/NQO1 protein expression (Fig. 4G) . OI-induced inhibition of NFκB activation (Fig. 4H) and TNF-α production (Fig. 4I) were almost completely reversed by Nrf2 shRNA. The scramble control shRNA was ineffective ( Fig. 4G-I) . These results together suggest that Nrf2 activation is required for OIinduced anti-inflammatory activity in THP-1 human macrophages and SLE patient-derived PBMCs.
Discussion
Imbalances between pro-and anti-inflammatory cytokines play an essential role in the pathogenesis of SLE [1, 3, 5, 36] . Studies have shown that several key pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, are significantly increased in the serum of SLE patients [4, 5] . Elevations of these pro-inflammatory cytokines correlate with disease progression [1, 3, 5, 36] . More importantly, TNF-α, IL-6, and IL-10 levels are dramatically elevated in SLE patients with lupus nephritis [5] [6] [7] 36] . Conversely, the inhibition of proinflammatory cytokines could significantly slow the progression of SLE [1, 3, 5, 36] . It has been previously shown that SLE patients with anti-TNF-α monoclonal antibody treatment show improvement in disease activity [9] . Furthermore, the blocking of IL-1β signaling in SLE patients could also be beneficial for lupus-related manifestations [7] . Additionally, anti-IL-6 receptor antibody treatment in SLE patients induces a significant clinical improvement in SLE patients with arthritis [8] .
Ye et al. showed that the expression levels of TNF-α, IL-1β, and IL-6 are significantly increased in PBMCs of SLE patients compared with healthy controls [37] . ROS production and oxidative stress play essential roles in the activation of NF-kB signaling and the production of pro-inflammatory cytokines in SLE progression [38] . Conversely, ROS scavengers and anti-oxidant agents can attenuate inflammatory responses [38] . Activation of Nrf2 could efficiently inhibit ROS production and subsequently inhibit the production of NFκB-mediated pro-inflammatory cytokines [38] . In the current study, we showed that OI, the cell-permeable derivative of itaconate, induced Keap1-Nrf2 disassociation, Nrf2 protein accumulation, and Our results further showed that Nrf2 activation is required for OI-induced antioxidant and anti-inflammatory activities. Nrf2 silencing (by targeted shRNA) or KO (by CRISPR/ Cas9 gene-editing method) almost completely abolished OI-induced actions in SLE patientderived PBMCs and LPS-activated THP-1 cells. Compared with the other Nrf2 activators, one key advantage of this novel compound is that it is directly associated with Keap1 and causes Keap1 acetylation and disassociation from Nrf2. This should lead to direct and sustained Nrf2 activation.
Conclusion
Our results showed that OI activated Nrf2 signaling to potently inhibit the production of pro-inflammatory cytokines in SLE patient-derived PBMCs and human macrophages. Thus, OI and itaconate could have important therapeutic value for the future treatment of SLE.
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